A high temperature X-ray diffraction study of molten alumina has been carried out at 2363 K (2090 °C). The local ordering parameters in molten alumina were estimated by using the interference function refining technique. Octahedrally coordinated aluminum is suggested to remain in the melt as the fundamental local structure.
Introduction
Alumina is well-recognized as a reference material used in various high temperature measurements [1] . For example, the enthalpy value of liquid alumina is often taken as a criterion for calibrating high temper ature calorimeters. The properties of molten alumina are also of practical importance. For example, their knowledge is essential for industrial application in materials processing such as the sintering reaction for producing new functional ceramics [2] . In addition, there is an increasing need for understanding various thermophysical properties, including the atomic scale structure of molten alumina which is quite limited [3] .
The main purpose of this paper is to present the structural data of molten alumina obtained by means of high temperature X-ray diffraction.
Experimental Procedure
The present experimental arrangement, using a theta-theta diffractometer with a high temperature, chamber which allowed the sample to be held in a stationary horizontal position, was almost identical to that employed previously for molten oxide systems [4, 5] . Therefore, only the essential features are sum marized here; A high temperature cell made from a molybdenum plate (70x20 mm2, thickness 0.2 ~ 0.5 mm) was used both as heater and sample con tainer. The sample in powder form was packed into a Reprint requests to Prof. Y. Waseda. container (20x15x5 mm3) which was part of the main heater. In addition, a 3 mm mesh molybdenum net was placed on the sample surface. This resulted in the spreading of the molten sample through the mesh to form an approximately flat surface due to surface tension effects. This sample holder-heater assembly was set in the high temperature chamber [6] . An addi tional heating element was also directed to the top surface of the sample in order to insure a uniform sample temperature. Figure 1 shows schematically the sample holder-heater assembly.
The molten sample was prepared from high purity alumina powder of 99% purity (Wako Pure Chemical Industries, Ltd). The sample was melted in this assem bly using a 160 A and 12 V input power source under a purified dry argon atmosphere. The sample temper ature was monitored with a W/5Re-W/26Re thermo couple which was spot-welded to the bottom of the sample holder. The thermocouple readings showed agreement with the melting points of pure platinum and rhodium within + 6 K. However, optical pyrome ter readings made through the top sight hole of the chamber indicated differences from the thermocouple readings by amounts of the order of ± 22 K at 2000 K. This may be due to high radiation losses from the sample and absorption in the sight hole windows. For this reason, the sample temperature was calibrated by measuring the lattice parameter of molybdenum pow der packed into the mesh of the net and by comparing the change in lattice parameter with the thermal ex pansion data of pure molybdenum [6] . This method of calibration makes it possible to maintain the sample temperature to within ± 10 K.
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Thermocouple
The X-ray scattering intensities were measured at 2363 K using Mo K a radiation coupled with a singlybent pryrolitic graphite monochromator in the dif fracted beam. The intensity profile was obtained in an angular range from 2° to 15°, which corresponds to wave vectors Q =4 n sin6/X of 6 to 170 nm ~1, where X is the wave length and 9 is half the scattering angle. The observed intensity data at Q<6 nm-1 were smoothly extrapolated to zero at 0 = 0 nm-1. It may be noted that the effect of this extrapolation or trunca tion up to Q = 170 nm-1 for the broad peaks as de tected in a liquid sample is known to make no critical contribution to the radial distribution function analy sis [7] .
Data Processing
The method of analyzing the measured X-ray scat tering intensity data for non-crystalline systems such as liquids and glasses is well established and has been described in detail in [8] [9] [10] . Consequently, only the essential equations and their relevance are given here for convenience of discussion.
For structural studies of non-crystalline systems containing more than one kind of atom the concept of units of composition (uc's) is frequently used [8] [9] [10] . In the present case, the feasible units would be two aluminum and three oxygen atoms. As a result, the reduced interference function for the uc's i{Q), as a function of the wave vector, which is related to the structurally sensitive part of the X-ray scattering in tensity per uc, / eu( 0 , is given by the equation
Je where /j and / e are the usual atomic scattering factor and the average scattering factor per electron, respec tively. The electron RDF can be readily estimated from the interference function data by the following Fourier transformation; Q RDFexp = 2 Tt2 r 6e I Zj + J * Q i (Q) sin QrdQ, uc 0 where ge is the average number density of electrons and Zj is the atomic number of element j. Figure 2 shows the reduced interference function, Qi(Q), for molten alumina at 2363 K obtained from the present measured X-ray scattering intensity data. The electron RDF of molten alumina calculated from the interference function of Fig. 2 , using (2) together with the density value of 3.01 Mg/m3 [11] , is shown in Figure 3 . The exact estimation of the experimental uncer tainty in the structural analysis of a molten sample, particularly for the measurement at high temperatures over 1273 K (1000 °C) by X-ray diffraction, is known to be technically difficult. Nevertheless, the experi mental uncertainty in the present structural data has been evaluated as follows.
Results and Discussion
The accumulated intensity counts were about 104 around the first peak region and about 5 x 103 in other regions, in order to hold the counting statistics approximately uniform. Systematic errors in X-ray diffraction arises from the normalization procedure of the measured intensity data and the uncertainty in the atomic scattering factors and Compton scattering in tensities [12] . Such errors can be estimated by a proce dure recommended by Greenfield et al. [13] and Rah man [14] . Following their method, the total error in the interference function obtained in this work is esti mated to be about 4%. The uncertainty of the RDFs is probably similar to that of the interference function because the computational errors were minimized by employing the accepted procedures in the Fourier transformation [15] . In addition, it is necessary to take into consideration that the present measurements can be affected by the inherent difficulties arising from the high temperatures over 2000 K. Thus, some reserva tion is attached to the accuracy of the present struc tural information, which is lower than those associ ated with investigations on molten metals and oxides at temperatures below 1273 K [9] . Figure 2 shows the reduced interference function Qi(Q) of liquid alumina. The general features of the function Qi(Q) are similar to that of typical molten oxides. Namely, the interference function of molten alumina has a relatively sharp first peak at Q= 13 nm-1, followed by a number of smaller and broader peaks, which is in contrast to cases of metallic samples where the damping behavior of the function is rapid and monotonic [9] , This indicates that a con siderable fraction of local ordering remains in this molten sample although its distribution appears to have no long range ordering.
The electron RDF is given in Figure 3 . The his tograms at the bottom of Fig. 3 denote the average distances of some pairs of the a-A l20 3 structure at 2070 K [16] . The first peak at around 0.20 nm is attrib uted to the Al-O pair and the second one around 0.28 nm to a combination of O -O and Al-Al pairs. Apparently the essential features of the atomic ar rangement in the molten state are similar to those in the a-A l20 3 structure. This also leads to the sugges tion that the interference function refining technique with the random vacancy model of a-A l20 3 structure can be used for estimating the structural parameters in the near neighbour region of molten alumina.
The interference function refining technique is based on the contrast between local ordering and complete loss of positional correlations at longer dis tances [9, 17] . Oxide melts belong to this category. These characteristic structural features may be pro vided by the following expression with respect to the interference function [18] :
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The first term on the right-hand side of (3) corre sponds to the discrete Gaussian like distribution of near neighbors with a mean-square variation 2 a ik, while the second term provides the distribution for higher neighbor correlations approximated by a con tinuous distribution with the average number density of the system. The quantities r^p and a'aß are the parameters of the boundary region between the dis crete distribution in the near neighbor region and the continuous one at longer distances. It should be noted that these two parameters need not be sharp [17] . By applying (3) , the values of the coordination number Njk and interatomic distance rjk for near neighbor correlations can be estimated using a least-squares analysis so as to fit the experimental interference func tion by iteration. This interference function refining technique has frequently been used for structural in vestigations of inorganic liquids and glasses. The vari ation in the coordination number in this analysis does not exceed ±0.5. However, this technique is not a unique mathematical procedure but a semi-empirical one for the resolution of the peaks in the RDF of non-crystalline systems. Thus, the application is effec tive only for a few near neighbor correlations. The dotted line in Fig. 2 is the resultant interference function with the initial structural parameters ob tained from the random vacancy model of a-A l20 3 with the density value of 3.01 Mg/m3. The agreement is satisfactory, and thus the structural parameters ob tained in this analysis are acceptable. The converged structural parameters of molten alumina in the near neighbor region are summarized in Table 1 , together with those of crystalline a-A l20 3 [16] .
The interatomic distance for the first neighboring Al-O in molten alumina is estimated to be 0.202 nm. This value corresponds to the octahedral coordina tion formed by six oxygens, while the value is 0.18 nm for the tetrahedral arrangement [19] . This is also sup ported by the obtained coordination number of 5.6 around aluminum for this Al-O correlation. It is well known for the near neighbor correlations in the a -A120 3 crystalline structure that the aluminum is sur rounded by four aluminums (one at 0.274 nm and three at 0.285 nm). However, the coordination num ber for the first neighboring Al-Al pair of molten alumina is 2.3 which is rather smaller than that of crystalline a-A l20 3. This contrasts to the molten Si02 case where the coordination number for Si-Si is 4.0 and agrees with the corresponding crystalline structures of crystoballite or quartz [9, 19] . This differ ence may be attributed to the relatively large change in the density of alumina on melting, which induces appreciable modification to the near neighbor atomic correlations such as the octahedrally coordinated alu minum. Thus, the atomic arrangement of crystalline a-A l20 3 based on hexagonal close packed oxygens alters considerably in order to form a loose structural unit of low density. By considering the present X-ray diffraction results, a three dimensional structural model illustrated in Fig. 4 is proposed as one of the a -A l 20 3 molten A120 3 Fig. 4 . Diagram of the local atomic arrangements in a-Al20 3 and molten alumina estimated from the present X-ray dif fraction.
possible local atomic arrangements in molten alu mina. A detailed structural model of molten alumina has not been established yet. Nevertheless, the authors believe that the present structural information repre sents an effort to further the understanding of the structural aspects of oxide systems containing A120 3.
